Studies have indicated that endogenous concentrations of plant hormones are regulated very locally within plants. To understand the mechanisms underlying hormone-mediated physiological processes, it is indispensable to know the exact hormone concentrations at cellular levels. In the present study, we established a system to determine levels of ABA and jasmonoyl-isoleucine (JA-Ile) from single cells. Samples taken from a cell of Vicia faba leaves using nano-electrospray ionization (ESI) tips under a microscope were directly introduced into mass spectrometers by infusion and subjected to tandem mass spectrometry (MS/MS) analysis. Stable isotope-labeled [D 6 ]ABA or [ 13 C 6 ]JA-Ile was used as an internal standard to compensate ionization efficiencies, which determine the amount of ions introduced into mass spectrometers. We detected ABA and JA-Ile from single cells of water-and wound-stressed leaves, whereas they were almost undetectable in non-stressed single cells. The levels of ABA and JA-Ile found in the singlecell analysis were compared with levels found by analysis of purified extracts with liquid chromatography-tandem mass spectrometry (LC-MS/MS). These results demonstrated that stress-induced accumulation of ABA and JA-Ile could be monitored from living single cells.
Introduction
Plant hormones are a group of small compounds synthesized within plants (Kende and Zeevaart 1997 . Characterization of mutants deficient in plant hormones clearly demonstrated that they play crucial roles in many aspects of plant life cycles. Plant hormones exist at low levels (mostly in less than micromolar quantities if distributed evenly) in plant tissues and induce physiological responses at concentrations ranging from nano-to micromolar orders when applied exogenously (Davies 2004) . Physiological responses mediated by plant hormones are often associated with changes in endogenous hormone levels. For example, ABA levels increased during water stress to induce stomatal closure Creelman 1988, Nambara and Marion-Poll 2005) . High levels of jasmonates (JAs) accumulated in response to wounding, and regulated the expression of wound-responsible genes (Koo and Howe 2009) . On the other hand, it is also true that some hormone-mediated physiological processes occurred even in the absence of significant changes in bulk hormone contents in plants Creelman 1988, Schweizer et al. 1997) . These suggest that hormone levels are regulated very locally and precisely within plants. Endogenous concentrations of plant hormones in particular cells are determined by the balance between their biosynthesis, catabolism and transport. Localization of ABA biosynthetic enzymes suggests that ABA is synthesized in vascular tissues and then transported to guard cells to close stomata in response to water stress (Koiwai et al. 2004 , Endo et al. 2008 . On the other hand, ABA synthesized within guard cells could induce stomatal closure (Melhorn et al. 2008 , Bauer et al. 2013 , suggesting that ABA regulates stomatal aperture in a complex manner. High levels of JAs accumulated locally at the cut surface (Miyamoto et al. 2012) in rice leaves. However, JAs could regulate downstream gene expression, not only at the site of their accumulation, but also in distant tissues, organs and individuals (Farmer and Ryan 1990 , Matsuura et al. 2012 , Wasternack and Hause 2013 . To understand how these physiological responses are regulated, it is crucial to know local concentrations of these hormones.
Several approaches have been used to predict the distribution of plant hormones within plant tissues. The use of hormone-inducible promoter-reporter systems is one of the well-established ways to monitor the activation of hormonedependent signaling pathways at tissue and cellular levels. For example, DR5 is an auxin-(IAA) inducible synthetic promoter that is often used to visualize local auxin distribution within a small region of organs or tissues such as apical meristems, root tips and developing embryos (Ulmasov et al. 1997 , Michniewicz et al. 2007 . Similarly, activation of the Arabidopsis ATHB6 promoter indicated that ABA accumulated in vascular tissues and subsequently moved toward guard cells during water stress (Christmann et al. 2005 , Christmann et al. 2007 ). The activities of the rice RERJ1 promoter correlated well with accumulation of JAs around wounded regions of leaves (Miyamoto et al. 2012) . However, the expression levels of these reporters, which are usually determined indirectly as enzymatic activities or intensities of fluorescence, might not always reflect hormone levels precisely because they are regulated by several factors that are independent of hormone signals. On the other hand, mass spectrometry is one of the reliable and accurate ways to identify and quantify compounds. We have developed a highly sensitive system to quantify IAA by gas chromatography-mass spectrometry (GC-MS) (Mori et al. 2005) . The system allowed us to demonstrate that IAA was actively synthesized in the 0-2 mm apical region of maize coleoptiles and then transported basipetally (Mori et al. 2005) . Asymmetric distribution of IAA within maize coleoptiles in response to gravity or light irradiation was also detected by this method (Nishimura et al. 2009 , Matsuda et al. 2011 . Liquid chromatography-tandem mass spectrometry (LC-MS/MS) has been especially powerful when quantifying multiple hormones simultaneously from the same plant sample (Chiwocha et al. 2003 , Kojima et al. 2009 , Seo et al. 2011 ). We established a highly sensitive plant hormone analysis platform with LC-MS/MS by which we could quantify ABA from a single developing seed of Arabidopsis even after separating it into a seed coat containing endosperm and an embryo . IAA localized in specific cell types within the roots of Arabidopsis was quantified with GC-MS after selecting protoplasts expressing the green fluorescent protein under the control of cell-type specific promoters by using a fluorescence-activated cell sorter (Petersson et al. 2009 ). Although progress has been made in quantifying plant hormones from smaller parts of plant tissues as mentioned here, it is still difficult to understand regulation of hormone levels in individual cells as we need 'a mixture' of cells for quantification by mass spectrometers.
In the present study, we employed a new technology called 'live single-cell video-mass spectrometry' in which contents of a cell obtained by a nano-electrospray ionization (ESI) tip under a microscope were subjected to direct analysis with a mass spectrometer to determine hormone levels at the cellular level. The system has been successful in profiling a wide range of metabolites present in a cultured animal cell as well as a plant cell (Mizuno et al. 2008 , Lorenzo Tejedor et al. 2012 . Here, we report the establishment of a method to quantify ABA and jasmonoyl-isoleucine (JA-Ile) from single cells of broad beans (Vicia faba). By this method, we could monitor the physiological changes in the levels of ABA and JA-Ile during stress responses.
Results and Discussion
Detection of authentic ABA and JA-Ile by direct mass spectrometry analysis using nano-ESI tips
We used two distinct types of mass spectrometers, namely the Orbitrap Velos Pro and the Triple Quad 5500, for establishment of the single-cell plant hormone analysis. The two mass spectrometers have different properties: the Orbitrap Velos Pro is a Fourier transform mass spectrometer with high-resolution capabilities, whereas the other is a highly sensitive mass spectrometer with a wide dynamic range. Using the two mass spectrometers, we first validated tandem mass spectrum patterns of ABA and JA-Ile. In 'live single-cell video-mass spectrometry', samples taken by nano-ESI tips are directly introduced into mass spectrometers by infusion. Accordingly, we analyzed authentic ABA and JA-Ile using the nano-ESI tips in the same way as the single-cell analysis. To compare the levels of ABA or JA-Ile between independent samples, it is required to compensate ionization efficiencies. Therefore, we used stable isotopelabeled compounds, [D 6 (Fig. 1A) . Peaks other than the precursor ions were detected even in the absence of ABA, [D 6 ]ABA, JA-Ile or [ 13 C 6 ]JA-Ile in the mixtures, suggesting that they were derived from unknown compounds present in materials and/or equipment used for the experiments. Then ABA and [D 6 ]ABA were dissociated simultaneously by analyzing the molecular ions present in the range of m/z 261-271 in the HCD mode. As shown in Fig.  1B , pairs of molecular ions derived from ABA and [D 6 ]ABA were detected (m/z 219.1396 (m/z 219. , 204.1161 (m/z 219. , 201.1290 and m/z 225.1772 , 210.1537 , 207.1349 , and 159.1302 ]ABA). As the ion pair with m/z of 219.1396 and 225.1772 comprised the majority of detected fragment ions, we thereafter used the combination for determination of ABA concentrations. Similarly, JA-Ile and [ 13 C 6 ]JA-Ile were dissociated simultaneously by subjecting the molecular ions present in the range of m/z 320-330 to analysis in the HCD mode. We detected the characteristic product ions derived from JA-Ile and (Fig. 1C) and used the combination for determination of JA-Ile concentrations in further experiments. We next estimated the limits for detection and quantification of ABA and JA-Ile. Mixtures containing ABA and JA-Ile at different concentrations (0 pg, and every half-log unit from 0.0001 to 1,000 pg ml ) against a fixed amount (100 pg ml ) of [D 6 ]ABA and [ 13 C 6 ]JA-Ile in 80% (v/v) methanol were analyzed by the HCD mode as described above. Relative intensities (averages of 5 min) of the fragment ion pairs were plotted linearly in the standard curves when ABA and JA-Ile concentrations were within a range of 0.3-1,000 pg ml -1 ( Fig. 2A, B) . The results indicate that ABA and JA-Ile at <0.3 pg ml -1 are not quantitatively detectable.
For the analysis with the Triple Quad 5500, the multiple reaction monitoring (MRM) mode was used. Based on the analysis with the Orbitrap Velos Pro, we detected several molecular ions that corresponded to fragment ions derived from ABA and [D 6 ]ABA, and found that the molecular ions with m/z of 153.0 and 159.1 gave better signals ( Supplementary Fig. S1 ). Thus, we used the ion pair for identification and quantification of ABA in further experiments. We could also detect molecular ions with m/z of 130.0 and 136.0 that corresponded to fragment ions derived from JA-Ile and [ 13 C 6 ]JA-Ile, respectively, and we used the ion pair for identification and quantification of JA-Ile for further analysis ( Supplementary Fig. S1 ). We then estimated the limits for detection and quantification of ABA and JA-Ile by generating standard curves as was done for the Orbitrap Velos Pro. Mixtures containing ABA and JA-Ile at different concentrations (0 pg, and every half-log unit from 0.0001 to 1,000 pg ml -1 ) against a fixed amount (1 pg ml -1 ) of [D 6 ]ABA and [ 13 C 6 ]JA-Ile in 80% (v/v) methanol were analyzed by the MRM mode. Relative intensities (averages of 5 min) of the fragment ion pairs were plotted linearly in the standard curves when ABA and JA-Ile concentrations were within a range of 0.03-1000 pg ml -1 (Fig. 2C, D) , indicating that ABA and JA-Ile at <0.03 pg ml -1 are not quantitatively detectable.
Analysis of ABA and JA-Ile from crude extracts
In our standard plant hormone analysis by LC-MS/MS, we extract samples with internal standards (e.g. [D 6 ]ABA and [ 13 C 6 ]JA-Ile) and then purify the target compounds in several steps with solid-phase extraction columns and successively by liquid chromatography (LC) before analysis by tandem mass spectrometry (MS/MS). In addition, target compounds are identified based on their retention times on LC and production of specific fragment ions from selected precursor ions in this method. On the other hand, in the single-cell plant hormone analysis, samples are directly introduced into mass spectrometers by infusion without purification, and identification of the compounds relies only on MS/MS analysis. Therefore, we must be very careful to examine whether ABA and JA-Ile could be detected accurately and quantitatively by the single-cell analysis. For this purpose, we analyzed crude extracts prepared from V. faba leaves that had been exposed to stress in the same way as single-cell analysis; these were considered as samples taken from single cells.
Fifteen leaves were detached from 2-week-old plants and six of them were immediately frozen in liquid nitrogen as control samples (0 h after detachment). The remaining leaves were kept on a bench for 0.5 (three leaves) and 3 h (six leaves), and then frozen in liquid nitrogen. Each frozen sample was lyophilized, ground into powder and extracted with 80% (v/v) methanol containing a certain amount of [D 6 ]ABA and [ 13 C 6 ]JA-Ile as internal standards. A part of the crude extracts was applied into nano-ESI tips and subjected to MRM mode analysis with the Triple Quad 5500 or HCD analysis with the Orbitrap Velos Pro. The remaining extracts were subjected to standard hormone analysis by the Triple-TOF 5600 LC-MS/MS system after purification with solid-phase extraction columns. Concentrations of endogenous ABA and JA-Ile in the extracts were compared as the ratios of fragment ion intensities as described above.
According to the data obtained by our standard hormone analysis method, endogenous levels of ABA were elevated 5-to 10-fold after 3 h, possibly due to water stress (Fig. 3A) . Similar patterns were observed when ABA levels in the extracts were determined by the Triple Quad 5500 and the Orbitrap Velos Pro with nano-ESI tips, although the estimated ratios between ABA and [D 6 ]ABA were somewhat variable among the three methods. By analysis with the Orbitrap Velos Pro (in HCD mode), we detected several fragment ions corresponding to ABA (m/z 153. 0923, 201.1288, 204.1158 and 219.1393) as well as those corresponding to [D 6 ]ABA (m/z 159. 1300, 207.1346, 210.1535 and 225.1769) in leaves that had been kept for 3 h after detachment (Supplementary Fig. S2 ). This suggests that the fragment ions that correspond to ABA in the leaf samples were derived from endogenous ABA. As expected from the relative lower sensitivity of the Orbitrap Velos Pro compared with that of the Triple Quad 5500, ABA was almost undetectable at 0 or 0.5 h after detachment when analyzed by the Orbitrap Velos Pro. In contrast, it appeared that basal levels of ABA were detectable from the same samples by the Triple Quad 5500. Furthermore, the ABA levels estimated by the analysis with the Orbitrap Velos Pro were sometimes much higher or lower than the levels expected from the standard LC-MS/MS analysis. The reason is unknown but is probably due to the effects caused by impurities. These data suggest that ABA levels in the extracts, and hence in a single cell, could be quantitatively determined, at least to some extent, by the Triple Quad 5500.
The data obtained by the standard LC-MS/MS analysis showed that endogenous levels of JA-Ile increased 2-to 5-fold at 0.5 h after detachment and then were reduced to basal levels at 3 h (Fig. 3B) . The increase in the JA-Ile levels could be due to wounding and/or water stress as previously reported (Miyamoto et al. 2012) . The levels of JA-Ile determined by the Triple Quad 5500 and the Orbitrap Velos Pro with nano-ESI tips correlated well with the levels determined by the standard LC-MS/MS analysis, although the estimated JA-Ile concentrations determined by the three methods were variable in some samples. The results suggest that JA-Ile could also be quantified from a single cell by using the Triple Quad 5500 or the Orbitrap Velos Pro.
Detection of physiological changes in ABA and JA-Ile levels from a single cell
As shown in Fig. 3 , ABA and JA-Ile levels in V. faba leaves increased 3 and 0.5 h after detachment, respectively. Therefore, we performed single-cell analysis to detect the physiological changes in ABA and JA-Ile levels during stress responses. As mentioned above, we could observe the increase in the levels of both ABA and JA-Ile from crude extracts of detached leaves by two distinct types of mass spectrometers. However, the Triple Quad 5500 showed a 10 times better detection limit than the Orbitrap Velos Pro for ABA and JA-Ile (Fig. 2) . Also, ABA concentrations estimated by using the Orbitrap Velos Pro were more variable compared with those estimated by using Triple Quad 5500 (Fig. 3A) . Therefore, we performed subsequent single-cell analysis by using the Triple Quad 5500.
Single-cell samples were obtained from leaves that had been detached from 2-week-old plants. For ABA measurements, the leaves just after the detachment and the detached leaves kept on the bench for 3 h were used as initial control and dehydrated leaf samples, respectively. For JA-Ile measurements, the detached leaves were cut vertically into halves as a wound treatment and floated on water for 30 min to retain moisture. Non-cut detached leaves that had been kept on water for 30 min were used as unwounded controls. Leaves were set under a stereo microscope to observe their underside. A nano-ESI tip was stuck into a single cell with a micro manipulator and the contents of the cell were aspirated. Epidermal cells around the major veins in the middle of leaves (for initial and dehydrated leaves, as well as unwounded leaves) or close (within 5 mm) to the cut surface (for wounded leaves) were targeted for sampling because the nano-ESI tips could stick into the cells with relative ease. Samples for initial or dehydrated leaves were taken several times from one particular leaf within 30 min or between 3 and 4 h after detachment from the plant body, respectively. Samples for wounded or unwounded leaves were taken several times from one particular leaf between 25 and 40 min after the treatment, respectively. For efficient sampling and analysis of single-cell contents, we broke the top of nano-ESI tips to widen their diameter and prevent the tips from clogging ( Supplementary Fig. S3 ). We considered that most of the contents in a cell were taken up by a nano-ESI tip, because we could observe that the cells were empty after sucking (Fig.  4) . Thus, ABA and JA-Ile concentrations in single cells were compared in parallel in the following experiments as the ratios of specific fragment ion intensities. After adding 1 ml of 80% methanol (v/v) containing [D 6 ]ABA (1 pg) and [ 13 C 6 ]JA-Ile (1 pg) to the nano-ESI tips, the samples were subjected to MS/ MS analysis. We continuously obtained mass spectrum data until the ionization solvent (80% methanol) in a nano-ESI tip was entirely used and ratios of averaged signal intensities of fragment ion pairs were calculated (Fig. 5A, C) .
As for ABA measurements, we analyzed 13 samples from seven independent leaves for initial leaves, and 21 samples from seven independent leaves for dehydrated leaves (Fig. 5A) . Negative controls {80% (v/v) methanol containing [D 6 ]ABA (1 pg)} were also analyzed independently six times. Note that the ABA levels determined based on fragment ion intensities were not zero in the negative controls because of noise signals detected at background levels. In 12 out of 13 samples from initial leaves, the fragment ions corresponding to ABA were detected at similar levels to that in negative controls, and were under the quantitative detection limit (0.03 in the ratio of ABA vs. [D 6 ]ABA) estimated from the standard curve (Fig. 2C) . On the other hand, ABA levels in most of the dehydrated samples were higher than those in negative controls, and 15 out of 21 samples contained ABA above the quantitative detection limit. Additionally, the mean ABA/ [D 6 ]ABA ratio in After sampling, the cell is almost empty and the shape of the cell is clear. A nano-ESI tip and a cell after sampling are highlighted in blue and red, respectively, in the lower panels.
the dehydrated leaf samples was significantly higher than that in initial leaf samples and negative controls (Fig. 5B) . For JA-Ile measurements, we analyzed 17 samples originating from five independent leaves for unwounded leaves and 14 samples from five independent leaves for wounded leaves (Fig. 5C ). Negative controls {80% (v/v) methanol containing [ 13 C 6 ]JA-Ile (1 pg)} were also analyzed independently six times. In 15 out of 17 samples from unwounded leaves, the fragment ions corresponding to JA-Ile were under the quantitative detection limit (0.03 in the ratio of JA-Ile vs. [ 13 C 6 ]JA-Ile) estimated from the standard curve (Fig. 2D) . On the other hand, JA-Ile levels in most of the wounded samples were higher than those in negative controls, and eight out of 14 samples contained JA-Ile above the detection limit. The mean JA-Ile/[ 13 C 6 ]JA-Ile ratio was significantly higher in wounded leaves than that in unwounded leaves and the negative control (Fig. 5D) . Taken together, these results suggested that we could detect ABA and JA-Ile from a single cell only after stress treatments.
To evaluate whether the results of single-cell analysis reflect the actual hormones levels in vivo, we quantified ABA and JAIle levels in leaves that were used in the single-cell analysis by two additional methods; one by the standard analysis of purified extracts with LC-MS/MS, and the other by analysis of crude extracts with direct infusion into the Triple Quad 5500. After the sampling for single-cell analysis described above, the leaves were immediately frozen in liquid nitrogen. We added a certain amount of internal standards to the leaves, and then extracted the target molecules from the samples. Some of the crude extracts were directly subjected to the MRM analysis using the Triple Quad 5500 with the nano-ESI tips. The remaining supernatant was subjected to the standard LC-MS/MS analysis after purification with solid-phase extraction columns. Concentrations of endogenous ABA and JA-Ile in the extracts were compared as the ratios of fragment ion intensities as described above.
As expected, the results clearly demonstrated that ABA levels in dehydrated leaves were much higher (>10 times) than that in initial leaves (Fig 6A, B) . Similarly, JA-Ile levels in wounded leaves were higher (around 3-10 times) than that in unwounded leaves (Fig 6C, D) . These data strongly support the idea that we could observe the physiological changes in the levels of ABA and JA-Ile in a single cell. It is noteworthy that the ratios of both ABA vs. [D 6 ]ABA and JA-Ile vs. comparable. For example, ABA levels were especially high in the leaf 'f' when determined by either LC-MS/MS analysis of purified samples or Triple Quad 5500 analysis of crude extracts. However, single-cell analysis was not able to identify increased accumulation of ABA in the same leaf. It must be noted that the levels of ABA and JA-Ile estimated by the analysis of single cells were variable among the samples taken from a same leaf. It is possible that the hormone levels are actually variable among individual single cells, but we cannot exclude other unidentified possibilities. We also have to remember the possibility that molecular ion peaks that correspond to the fragment ions of target hormones based on their m/z might contain ions derived from compounds other than targets.
We compared the levels of ABA and JA-Ile determined by the single-cell analysis and by standard LC-MS/MS analysis. Based on the size of epidermal cells around the major vein of V. faba observed by stereomicroscopy, we estimated the volume of the cells to be around several hundred picoliters. If most of the contents were taken from a cell, the levels of ABA in a single cell from dehydrated leaves and JA-Ile in a single cell from wounded leaves must be about several tens to hundreds of ng g -1 FW, respectively (we considered 1 ml of cell contents equal to 1 g of FW). This value was reasonably comparable with the levels of ABA (200-400 ng g -1 FW) and JA-Ile (100-200 ng g -1 FW) determined by the standard LC-MS/MS analysis. These data strongly support the idea that the detected increase in levels of ABA and JA-Ile was in response to stresses at the cellular level. As mentioned above, it has been suggested that ABA synthesized in the vascular tissues moves from vascular tissues to guard cells (Endo et al. 2008 ). On the other hand, localized accumulation of JA-Ile along the cut surface of rice leaves has been reported (Miyamoto et al. 2012) . Considering this information, ABA and JA-Ile should accumulate differentially in different regions during the course of stress treatments. In the present study, we analyzed ABA and JA-Ile from single cells located in similar places within a leaf at a specific time point. However, future studies with more detailed time points and sampling from various sites in a leaf will demonstrate the possible movement of ABA during water stress and specific accumulation of JA-Ile in wounded regions. Our technology will in principle be applicable for the analysis of other hormones with careful evaluation of target compound identity in each experiment. Mutants deficient in the target compounds could be used as controls for the evaluation. Single-cell analysis of plant hormones will contribute to understanding the physiological events that involve their biosynthesis, catabolism and transport.
Materials and Methods

Plant materials
Seeds of V. faba L. cv. Toumami (Sakata Seed Co.,) were sown in pots containing a mixture of fertilized soil (Metro Mix 350; Hyponex Japan Corp. Ltd.) and vermiculite (2 : 1, v/v), and plants were grown in chambers at 22 C under continuous light with nutrient (1/1,000 diluted Hyponex; Hyponex Japan Corp. Ltd.) supply. Leaves from plants of around 2 weeks old were used for the experiments.
Chemicals
Authentic ABA was purchased from Sigma-Aldrich, [D 6 ]ABA was purchased from Icon Services, and JA-Ile and 13 C 6 -JA-Ile were synthesized as described previously (Jikumaru et al. 2004 ).
Hormone analysis using the Orbitrap Velos Pro
The analysis using the Orbitrap Velos Pro (Thermo Fisher Scientific Inc.) was performed according to previously reported methods (Lorenzo Tejedor et al. 2012) . A metal-coated glass capillary, nano-ESI tip (Cellomics Tip; for plant analysis; top caliber size was 1 mm; Humanix), containing a sample in 80% (v/v) methanol as an ionization solvent was set on a Nanospray Flex Ion Source (Thermo Scientific) with a Nano ES ion source head, offline (Thermo Scientific). The spray voltage was set at around -1,000 to -1,500 V, with a distance of 3-5 mm between the top of the needle and the mass spectrometer inlet. The resolution of the equipment was set at 60,000 and the capillary temperature was set at 250 C. The selected range to detect precursor ions of ABA, [D 6 ]ABA, JA-Ile and [ 13 C 6 ]JA-Ile was from m/z 100 to 400. MS/MS analysis by the HCD mode was done with normalized collision energy at 80%. The electron multiplier gain, Fourier transform, storage transmission and mass accuracy were manually calibrated immediately before measurements in the negative ion mode using polytyrosine (m/z 180.06662, m/z 506.19327 and m/z 995.38326) according to the manufacturer's instructions. Mass spectra were analyzed and evaluated using Xcalibur 2.0 (Thermo Fisher Scientific Inc.).
Hormone analysis using the Triple Quad 5500A
The Triple Quad 5500 (AB Sciex) equipped with an offline handmade ion source was used for the analysis. A nano-ESI tip containing a sample was set on the ion source. The spray voltage was set at around -1,500 to -3,000 V, with a distance of 3-5 mm between the top of the needle and the mass spectrometer inlet without the curtain plate. Parameters of the ion source and MRM mode to detect ABA, [D 6 ]ABA, JA-Ile and [ 13 C 6 -JA]Ile are shown in Supplementary Tables S1 and S2. Mass spectra were analyzed and evaluated using PeakView Software version 1.1.1 (AB Sciex). We observed that some of the single-cell samples were not efficiently ionized and introduced into mass spectrometers when the averaged signal intensities of both [D 6 ]ABA (1 pg ml -1 ) and [
13
C 6 ]JAIle (1 pg ml -1 ) were lower than 5,000; such samples were excluded from the data analysis in the present study.
Single-cell sampling
Sampling of singe-cell contents was performed in the same manner as previously published (Mizuno et al. 2008 ) with some modifications. Leaves of V. faba were set under a stereomicroscope (Leica M205 FA, LEICA) equipped with a video camera (Leica DFC400, LEICA) so as to observe the underside of leaves. A nano-ESI tip mounted on a micromanipulator (MHW-103, Narishige) was introduced into a target cell as a micropipette, and the contents were sucked into the nano-ESI tip using a tube-connected piston syringe. The tops of nano-ESI tips (1 mm diameter) were broken into several micrometer diameters under video microscopy by pressing them vertically on the surface of the mass spectrometer inlet before being used for sampling ( Supplementary Fig. S3) . A 1 ml aliquot of ionization solvent [80% (v/v) methanol] containing internal standards (1 pg of [D 6 ]ABA and 1 pg of [ 13 C 6 ]JA-Ile) was added to the samples trapped at the top of a nano-ESI tip and the tip was set on the ion source attachment of the mass spectrometer.
Plant hormone analyses from crude extracts and purified samples
To prepare crude extracts for the experiment presented in Fig. 3 , 50 ml of 80% (v/v) methanol containing [D 6 ]ABA and [ 13 C 6 ]JA-Ile (5 ng each) was added per 1 mg of DW of lyophilized leaf powders. The samples were then extracted by vigorously vortexing; supernatants obtained after centrifugation were used as crude extracts. A 1 ml aliquot of the extract was analyzed directly with nano-ESI tips using the Orbitrap Velos Pro and the Triple Quad 5500. A 30 ml aliquot of the remaining extracts was used for subsequent analysis using LC-MS/MS.
To prepare crude extracts for the experiment presented in Fig. 4 , 1 ml of 80% (v/v) methanol containing [D 6 ]ABA and [ 13 C 6 ]JA-Ile (1 ng each) was added
